A novel experimental method for extracting the orientation parameter Im͓a 1
( ʈ , Ќ)͔ from a single photofragment velocity image is presented. The two-dimensional ion image of oriented S( 1 D 2 ) atoms from the photodissociation of OCS with linearly polarized light reveals an asymmetry in the angular distribution that breaks reflection symmetry with respect to the plane containing the photolysis and probe laser polarizations. This asymmetry is shown to be of the odd functional form sin 2, as predicted by theory. © 1999 American Institute of Physics. ͓S0021-9606͑99͒02047-4͔
The measurement of photofragment orientation using linearly polarized photolysis light has been recently accomplished. 1, 2 This photofragment orientation can arise either quantum mechanically, 1 from the interference of dissociative states of different symmetry, or classically, 2 from the breakdown of the axial recoil approximation ͑such as in the photodissociation of polyatomic molecules with nonlinear excited states which possess anisotropic dissociative surfaces͒. For the quantum mechanical mechanism, the sign and magnitude of the orientation provides a direct measure of the phase difference between the asymptotic wave functions associated with the multiple dissociative surfaces. Energydependent phase differences are highly sensitive to the shapes of the dissociating potential energy surfaces. For the classical mechanism, the sign and magnitude of the orientation reveals the nature of the anisotropy of the dissociative surface. Both cases represent new methods for the elucidation of photodissociation dynamics. The measurements of these effects require the understanding of the forms of the angular distributions of polarized photofragments. 3, 4 In this Communication, we measure the recoil velocity and orientation of S( 1 D 2 ) photofragments from the photodissociation of OCS using two-dimensional ͑2D͒ velocity mapping. We demonstrate the ability to measure the resulting photofragment orientation from a single image, and show that the form of the asymmetry in the 2D angular distribution matches theoretical predictions. This removes the necessity for sensitive intensity normalization of Doppler profiles using right and left circularly polarized light as used in previous measurements. 1, 2 A 5% mixture of OCS in He is expanded supersonically parallel to the electric field of a time-of-flight mass spectrometer via a piezoelectrically actuated pulsed-molecular beam. The molecular beam is intersected perpendicularly by a linearly polarized photolysis laser beam ͑231 nm, unfocused͒ and circularly polarized probe laser, focused with a spherical lens ( f ϭ200 mm). The photolysis and probe laser beams are also perpendicular to each other. This geometry allows the linear photolysis polarization, the circular probe polarization and the time-of-flight ͑TOF͒ axis to be in the same plane ͑see Fig. 1͒ . The linear photolysis polarization lies at 45°to the TOF axis. The probe beam is the frequencydoubled output of an excimer-pumped dye laser ͑Lumonics HyperX400, ELTO 1233͒, and the photolysis laser is the output of a YAG-pumped MOPO ͑730D10 Spectra Physics͒. The S( 1 D 2 ) photofragments are ionized with right circularly polarized light by (2ϩ1) REMPI via the 1 P 1 state at 291.48 nm. Ions produced are velocity mapped onto a positionsensitive imaging detector. The imaging detector gain is pulsed at the appropriate time to detect only 32 S ϩ ions. Orientation of atomic photofragments exists when the populations of the m j and Ϫm j levels are unequal. By using right circularly polarized light we selectively ionize S( 1 D 2 ) atoms in the m j ϭϪ2 and Ϫ1 sublevels thus allowing us to probe the orientation of these photofragments. The m j ϭϪ1 atoms are detected 2 times less sensitively than m j ϭϪ2 atoms.
The two-dimensional ion image of the oriented S( 1 D 2 ) atoms (m j ϭϪ2 and Ϫ1͒ is shown in Fig. 2͑a͒ . This image represents a 2D projection of the 3D-photofragment-velocity distribution. Two distinct rings of S( 1 D 2 ) atoms are visible, caused by a bimodal CO (vϭ0) rotational distribution; the outer ͑faster͒ component of S( 1 D 2 ) atoms is correlated with CO molecules with a narrow rotational distribution peaked at JϷ48, whereas the inner ͑slower͒ component is correlated with CO molecules a narrow rotational distribution peaked at JϷ60. 5, 6 It is clearly seen that the intensity of the outer ring of oriented S( 1 D 2 ) atoms peaks in an asymmetric fashion, neither parallel nor perpendicular to the plane containing the laser polarizations. This asymmetric peaking in the angular distribution is the signature of photofragment orientation. The angular distribution of polarized photofragments from 
where ⑀ is the angle between the photofragment recoil direction v and the photolysis polarization, pr is the angle between v and the probe polarization, is the azimuthal angle of the photolysis and probe polarizations about v, ␤ is the spatial anisotropy parameter, the a q (k) (p) parameters completely describe the photofragment angular momentum polarization in the molecular frame, and the s k are the experimental detection sensitivities to the a q (k) (p). When photofragments are detected independent of polarization ͑either all a q (k) (p) or s k are zero͒, the photofragment angular distribution reduces to the well-known expression ͓1 ϩ␤ P 2 (cos ⑀ )͔ for one-photon photodissociation in the dipole approximation.
The only term in Eq. ͑1͒ that contributes to the S( 1 D ) ( ʈ , Ќ)͔ term to the 2D-imaging signal is given by
where r and are the polar angles describing the 2D image intensity, ⌫ and ⌬ are the angles between the detection axis and the photolysis and probe polarizations respectively, and ⌽ is the azimuthal angle of the laser polarizations about the detection axis. At rϭ1, Eq. ͑2͒ has a singularity that corresponds to the edge of the distribution ͑object͒ being projected. This is a well-known characteristic in 2D projections of 3D distributions. 8 However, the singularity occurs only at a single point (rϭ1) and as no imaging detector has infinite resolution, each pixel of an experimental image is a projection of a finite volume element which removes the singularity such that Eq. ͑2͒ remains valid.
Examination of Eq. ͑2͒ shows that the contribution of the Im͓a 1
(1) ( ʈ , Ќ)͔ term to the ion image can be of the form of the odd function sin 2 for two distinct geometries, ⌫ϭ/2, ⌬ ϭ⌽ϭ0, and ⌫ϭ/4, ⌬ϭ/2, ⌽ϭ0, for which the signal contributions are
I lab ͓r,,/4,/2,0͔ϭ
The geometry of Eq. ͑3͒ is twice as sensitive to the Im͓a 1 (1) ( ʈ , Ќ)͔ contribution than that of Eq. ͑4͒, however it requires that the probe propagation direction is parallel to the detection axis ͑passing through the detector͒. The laser geometry of Eq. ͑4͒ requires crossing the two lasers perpendicular to the detection axis, a geometry that is realized in the present experiment.
The odd contribution to the S( 1 D 2 ) atom angular momentum distribution can be isolated by reflecting the image ( ʈ , Ќ)͔ contribution that is odd under this reflection survives, where as all other contributions to the angular distribution are even under this reflection and subtract to zero. The difference image is shown in Fig. 2͑b͒ . The characteristic sin 2 contribution of the Im͓a 1 (1) ( ʈ ,Ќ)͔ ͑a ''four-leafed-clover'' of odd parity͒ appears strongly in the outer ring whereas it appears very weakly for the inner ring. Angular integration of the narrow outer ring is shown in Fig. 3 . The fit to sin 2 is excellent, and the amplitude of the angular modulation of the signal, A, is Ϫ0.144Ϯ0.005. The value of s 1 is calculated to be Ϫ5/ͱ6. Neglecting photofragment alignment, the value of the Im͓a 1
(1) ( ʈ , Ќ)͔ parameter is given by 2&A/s 1 , and is 0.20. We estimate that the true value can differ from 0.20 by up to 0.05, depending on the relative magnitudes of the various alignment parameters ͑a detailed treatment of the photofragment alignment, and its effect on the magnitude of the orientation, will be included in a future publication͒. The physical range of the Im͓a 1
(1) ( ʈ ,Ќ)͔ parameter for Jϭ2 is from Ϫ1/) to 1/), so that the value of 0.2 for the outer ring is one-third the maximal value.
The origin of the photofragment orientation in the case of OCS could be either classical or quantum mechanical in nature. Photofragment orientation can arise from singlesurface dissociation ͑via the classical mechanism͒ if the transition dipole moment is neither parallel nor perpendicular to the recoil direction. 2 Similarly, photofragment orientation can arise quantum mechanically from the coherent excitation of dissociative states accessed by a parallel and perpendicular transition ͑such that J is neither parallel nor perpendicular to the recoil direction͒. The bimodal rotational distribution has previously been attributed to dissociation along two Renner-Teller distorted excited states labeled as AЈ and AЉ. 5, 6, 9 The inner ring in Fig. 2͑a͒ corresponds to slow S atoms, produced by transitions to the AЈ surface which yield rotationally very hot CO products. As observed in previous studies, we find that the anisotropy parameter for these photofragments is ␤Ϸ2, indicating that these photofragments are produced by a parallel transition to the AЈ surface. In such a situation no orientation is expected, either classically, as the transition dipole moment is parallel to the photofragment recoil velocity, or quantum mechanically, as only a single dissociative surface is involved. This explains why no orientation is observed for the slow S atoms. The outer ring in Fig. 2͑a͒ ͑fast S atoms for which orientation is measured͒ is assigned to transitions to both the AЈ and AЉ. 5, 6, 9 The dipole moment for the transition to the AЉ surface lies perpendicular to the plane of the molecule, hence a classical origin of the observed orientation is ruled out. 2 However, the coherent excitation to surfaces via both a parallel transition ͑e.g., to the AЈ surface͒ and perpendicular transition ͑e.g., to the AЉ surface͒ can give rise to photofragment orientation (Im͓a 1
(1) ( ʈ , Ќ)͔).
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Therefore, the proposed mechanism for the formation of fast S atom strongly indicates that the observed photofragment orientation arises from the coherent excitation of the AЈ and AЉ surfaces. The experimental geometry presented in this Communication has several advantages over the more popular counter propagating photolysis and probe geometries used in either Doppler or imaging experiments. As shown here we are able to measure the photofragment orientation precisely from a single image. In addition, for the same geometry ͑Fig. 1͒, setting ⌫ϭ/2, ⌬ϭ/2, ⌽ϭ0, we have obtained Abel-invertable images ͑using two different REMPI lines and combinations of linearly and circularly polarized photolysis and probe light͒ and are able to measure the complete set of molecular-frame alignment parameters for the S( 1 D 2 ) photofragments. 10 The authors acknowledge stimulating conversations with Professor M. Shapiro and Professor G. G. Balint-Kurti. This work is conducted at the Ultraviolet Laser Facility operating at FORTH-IESL ͑TMR, Access to Large Scale Facilities EU program, Contract No. ERBFMGECT 950021͒ and is also supported by TMR Network IMAGINE ERB 4061 PL 97-0264.
